Summary: A method of assessing the risk of drug-drug interaction (DDI) caused by mechanism-based inhibition (MBI) was developed for early-stage drug development using cytochrome P450 (CYP) 3A4 inhibition screening data. CYP3A4 inhibition was evaluated using a fluorescent substrate with or without preincubation containing an inhibitor. The results showed that five well-known mechanism-based inhibitors, but not the competitive inhibitor ketoconazole, had lower IC50 after preincubation, suggesting the utility of the IC50 shift by preincubation to discern mechanism-based inhibitors. A method to approximately predict the change in the area under the concentration-time curve (AUC) of a co-administered drug by MBI was found using IC50 shift data and the unbound mean plasma concentration of the inhibitor. From our predictions of change in the AUC for 38 drugs using this method, all mechanism-based inhibitors causing change in the AUC of more than 200z were predicted to be high risk. In conclusion, our method provides a simple assessment of the risk of DDI from mechanism-based inhibitors, especially in the early stages of drug development.
Introduction
Cytochrome P450s (CYPs) are the main drugmetabolizing enzymes expressed in human liver and are involved in the metabolism of many drugs on the market. 1) Drugs that inhibit CYP may elevate the blood concentration of co-administered drugs, resulting in drugdrug interactions (DDI), which sometimes cause severe adverse effects. Actually, some drugs such as terfenadine, mibefradil, astemizole, and cerivastatin have been withdrawn from the market due to DDI. 2) Thus, CYP inhibition-mediated DDI is widely recognized and the necessity of enzyme inhibition studies is included in the guidance from the US Food and Drug Administration (FDA). 3, 4) The guidance recommends that DDI studies are performed as early as possible in drug development. In the case of compounds showing CYP inhibition in vitro, clinical DDI studies are required. CYP inhibitors found to have high risk at the later stage of development can cause marked loss of time and resources.
There are two types of CYP inhibition: 1) reversible inhibition represented by competitive inhibition and 2) irreversible inhibition, or so-called mechanism-based inhibition (MBI), where an enzyme is inactivated by forming a stable complex with a metabolite. 5) Because the reduction in enzyme activity continues until the inactivated CYP is replaced by a newly synthesized CYP, the duration of the elevated blood concentration of a drug co-administered with a mechanism-based inhibitor is longer. Mechanism-based inhibitors require particular attention because they have been reported to cause unanticipated adverse effects. 5, 6) In vitro-in vivo extrapolation (IVIVE) methods to predict clinical DDI from in vitro inhibition data are well known. Concerning competitive inhibitors, although the ratio of inhibitor concentration to inhibition constant (I/Ki) is widely used for the index of DDI, 7) we recently reported that prediction using in vivo Ki and a physiologically-based pharmacokinetic (PBPK) model was more accurate than the conventional methods. 8) Con-cerning mechanism-based inhibitors, there have also been reports on methods to predict clinical DDI based on in vitro CYP inhibition data. 9, 10) These methods predict increase in the area under concentration-time curve (AUC) of a co-administrated drug accurately but are unsuitable for high throughput screening (HTS) technology utilized in early-stage drug development because a substantial number of studies is required with a variety of conditions of preincubation time and inhibitor concentrations. To evaluate the maximum inactivation constant (kinact) and the apparent dissociation constant (Ki, app), preliminary experiments are required to set the appropriate preincubation time and inhibitor concentration for a compound for which no information regarding its MBI potential is available. For prediction of DDI from mechanism-based inhibitors in the early stages, a simpler and speedier method is needed. A screening method for CYP inhibition using fluorescent substrates has been reported. 11, 12) This method could be utilized to find potential mechanism-based inhibition since mechanismbased inhibitors enhance the degree of inhibition according to the preincubation time, so-called time-dependent inhibition (TDI). This method is suitable for use with HTS because it enables a rapid measurement of many compounds.
Although mechanism-based inhibitors are considered high risk for DDI, clear criteria for evaluating DDI risk have not been established for CYP inhibition screening. If the wrong criteria are used, a mechanism-based inhibitor may possibly show false negative or false positive predictions and result in either clinical DDI or the loss of a potentially effective drug. Therefore, a methodology and criteria for prediction of DDI caused by mechanismbased inhibitor is required to find promising compounds efficiently in early-stage screening.
In this study, the inhibition of CYP3A4 was investigated because it metabolizes many drugs and has been reported to contribute to serious DDI. 1) First, it was ascertained whether shift in IC50 calculated by the difference in IC50 under two conditions (with or without preincubation containing an inhibitor) discriminates between competitive inhibitor and mechanism-based inhibitor from HTS data using a fluorescent substrate. Next, we developed a simple equation using HTS data for the prediction of change in the AUC of a co-administered drug by MBI, we also ascertained whether we can categorize test compounds visually by criteria line according to the degree of AUC change predicted from that equation for the purpose of risk-assessment of DDI in the early stages of drug development. Fluorometric enzyme inhibition analysis including TDI evaluation: The evaluation of CYP3A inhibition was carried out on 96-well microtiter plates using MultiPROBE TM IIEX Liquid Handling Robotics (PerkinElmer Japan, Yokohama, Japan). Fluorescence detection of the metabolite of BFC was performed using a Spectra Max Gemini microplate reader (Molecular Devices, Sunnyvale, CA, USA). Incubations were conducted based on the method provided on the BD Biosciences website 13) as described below. A cofactor/serial dilution buffer containing 2.6 mM b-nicotinamide adenine dinucleotide phosphate (NADP), 6.6 mM glucose-6-phosphate, 0.8 units/mL glucose-6-phosphate dehydrogenase and 6.6 mM magnesium chloride was prepared in 50 mM potassium phosphate (pH 7.4). The enzyme solution contained 0.35 M potassium phosphate (pH 7.4), 10 pmol/ml CYP3A4 expressed in insect cell microsomes, 100 mM BFC, and control microsomes to give the final assay concentrations (0.04 mg of protein/ml).
Materials and Methods

Materials
In the coincubation assay for CYP inhibition evaluation, test inhibitors were added to the cofactor/serial dilution buffer, giving inhibitor solutions of various concentrations. Metabolic reactions were initiated by adding the same volume of enzyme solution containing BFC to the above inhibitor solution. After incubation at 379 C for 30 min, the reaction was terminated by the addition of a stop solution (acetonitrile/0.5 M Tris-base [4:1] ). The same reactions without substrate or test inhibitor were performed as blanks for the background fluorescence and as the control where the reaction entirely proceeds, respectively. The metabolite of BFC, 7-hydroxy-4-trifluoromethylcoumarin, was measured by the microplate reader using an excitation wavelength of 409 nm and an emission wavelength of 530 nm.
In the preincubation assay for TDI evaluation, test inhibitor solutions in the cofactor/serial dilution buffer were prepared as above and enzyme solutions without BFC were added. After preincubation at 379 C for 15 min, the reaction was started by adding BFC (final concentration: 50 mM). After incubation at 379 C for 30 min, the reaction was stopped by the addition of the stop solution as described above.
Calculation of IC50 values: The equation given by BD Biosciences was used to calculate IC50 of the test inhibitors. 13) The net fluorescence intensity of each sample was calculated by subtracting the background fluorescence intensity of the blank sample. The percentage of inhibition at each concentration of inhibitor was determined by comparing the net fluorescence intensity in the presence of the inhibitor with that of the control sample. IC50(-) and IC50(＋) represent the IC50 values in which the inhibitor was added to the reaction mixture simultaneously with BFC (coincubation assay) and before the addition of BFC (preincubation assay), respectively. The criteria to determine positive TDI were based on a twofold value of the coefficient of the variation (CV) of the IC50(-) of ketoconazole.
Calculation of the inactivation constant: The ratio of v(＋) to v can be described as:
where v(＋), v, Vmax(＋), Vmax, S, Km, and Ki represent the metabolic rate of substrate after the mechanism-based inhibitor is preincubated, the metabolic rate when the inhibitor is absent, the maximum metabolic rate after mechanism-based inhibitor is preincubated, the maximum metabolic rate when the inhibitor is absent, the substrate concentration, the Michaelis constant and the inhibition constant, respectively. Assuming that the concentration of the inhibitor does not change during the preincubation, the following equations can be described:
where kobs, Iu and t represent the apparent inactivation rate constant, unbound concentration of inhibitor and preincubation time in the assay, respectively. When the metabolic response is inhibited by MBI to 50%, eq. (1) gives v(＋)/v＝0.5 and Iu can be assumed equal to IC50(＋). When the substrate concentration is efficiently smaller than Km, kinact can be described as follows using eqs. (1)- (3):
Because Ki is postulated to be equal to Ki, app (see Appendix for a detailed explanation), the following equation can be described when the substrate concentration is smaller than the Km value:
Thus, kinact may be calculated using IC50(＋) and IC50(-) as follows:
Calculation of AUC change: The remainder of the active enzyme when an inhibitor is present is expressed by the following equation:
where E, E0, and kdeg represent the active metabolic enzyme in the liver, total concentration of metabolic enzyme and degradation rate constant (turnover rate constant) of metabolic enzyme, respectively. At steady state, the following equation can be derived from eq. (7):
Assuming the elimination of a substrate from the blood entirely to depend on the metabolism of a single pathway, the ratio of E0 to E is equal to the rate of change in the AUC of a substrate when a mechanism-based inhibitor is orally administered in combination with the substrate. Assuming the clearance of a substrate to be proportional to the average enzyme activity at steady state, Eav, leads to the equation:
where the ratio of AUC(＋)/AUC(-) represents the rate 
33)
I u are the average unbound concentration of the inhibitor in blood at the steady state (C ss, u ) calculated by dividing AUC of unbound concentration by the dosage interval; f u values are the unbound fraction of the inhibitor in plasma; C ss, u /IC 50 (-) was calculated by dividing the C ss, u by IC 50 without preincubation in this study.
in change of the AUC of a substrate when a mechanismbased inhibitor is administered in combination with a substrate. When eq. (6) is substituted into eq. (9), the ratio of AUC change of a substrate is determined as follows:
Prediction of DDI: Prediction of the ratio of AUC change was calculated using eq. (10). Data of drugs reported to be inhibitors of CYP3A4 7) or shown to cause DDI attributed to CYP3A4 were used to verify the prediction method. The pharmacokinetic parameters of these drugs in healthy volunteers or patients with or without co-administrations of other drugs were referred to in reports ( Table 1) . We used 0.000164 min -1 for kdeg, the published value which showed a decrease rate of 6b-hydroxycortisol/cortisol ratio after stopping repeated administrations of rifampin in humans. 34) For the value of Iu, we used the average unbound concentration of an inhibitor in blood at the steady state (Css, u) calculated by dividing the AUC of unbound concentration by the dosage interval (t). The values for Css, u/IC50( -) and IC50(-)/IC50(＋) of the CYP3A4 inhibitors were calculated and plotted; the relationships between the plotted results and predicted criteria curves for 200% and 110% of change in AUC were evaluated.
Results
TDI evaluation: IC50 for CYP3A4 inhibition under conditions of both pre-and coincubation were estimated. The relationship between inhibitor concentration and percentage of inhibition of metabolism of BFC for the model drugs is shown in Figure 1 and the calculated values for IC50(-)/IC50(＋) are shown in Figure 2 . The assay precision (coefficient of variation) for each experiment (n＝3) was less than 25%. All calculated values for IC50 ratios were greater than 1 with the exception of ketoconazole for which no MBI has been reported.
Using this method, IC50 and IC50 ratios of CYP3A4 inhibition for the CYP3A4 inhibitors were estimated ( Table 2) . Among 46 drugs containing the model drugs evaluated, 41 showed IC50(-) under 100 mM. 26 were judged TDI-positive using the criteria of having an IC50 ratio of more than 1.3 determined from CV for TDInegative ketoconazole.
Prediction of AUC change: A comparison of the ratios for the AUC change of substrates co-administered with a mechanism-based inhibitor predicted using eq. (10) and the reported ratios in clinic is shown in Figure  3 . The results show good correlation (r＝0.997) for 11 of the drugs we predicted to be TDI-positive compounds.
The relationship between IC50 and the ratios of AUC change is shown in Figure 4 . The ratios for AUC change obtained from published clinical DDI data ( Table 1) were classified into three risk groups: low (less than 110%), medium (110% to 200%), and high (more than 200%). The data superimposed on the predicted criteria curves show that most mechanism-based inhibitors which elevated the AUC of a co-administered drug more than 200%, with the exception of ritonavir, fell in the area above the predicted curve of 200% (high risk) of AUC change. Mechanism-based inhibitors which elevated AUC more than 110% fell in the area above the predicted curve of 110% (medium risk) of AUC change. Drugs reported to not elevate the AUC of a co-administered drug did not fall in the high risk area of the graph.
Discussion
In the evaluation of CYP3A4 inhibition with a fluorescent substrate, differences between the values for IC50(＋) and IC50(-), obtained under pre-and coincubation, respectively, were investigated. Utilization of the shift in IC50 between the two conditions was verified to be valid for prediction of mechanism-based inhibitors. The results from 5 compounds known to cause MBI (erythromycin, diltiazem, fluoxetine, troleandomycin, and verapamil) 9, [35] [36] [37] showed each compound to have a ratio of IC50(-) to IC50(＋) greater than 1. The IC50 ratio for ketoconazole, known to not cause MBI, 38) was smaller than 1 (Fig. 2) . Therefore, the IC50 ratio would be an indication of whether or not the test compound causes MBI. Because twofold CV value of IC50(-) of ketoconazole was calculated to be under 0.3 (n＝3, CV＝13.6%), we concluded that a test compound with an IC50 ratio greater than 1.3 is TDI-positive.
From evaluation of the IC50 ratios for 46 CYP3A4 inhibitors, 26 of the compounds showed an IC50 ratio of more than 1.3 ( Table 2 ), indicating that many drugs on the market are TDI-positive. However, some drugs such as ritonavir, reported to be a mechanism-based inhibitor, 39) were judged to be TDI-negative. Figure 5 shows the relationship between various concentrations of inhibitors and percentage of inhibition from a coincubation assay in which competitive inhibition is postulated to occur. In the case of ritonavir, the experimental values were different from the theoretical curve calculated for competitive inhibition. The experimental values coincided with the theoretical curve in the case of ketoconazole (Fig. 5) , correctly judged as MBI-negative. The discrepancy in the ritonavir case may be due to a large kinact.
40)
Compounds which have a large kinact can cause MBI within a short period (several minutes), and so the detection of IC50 shifts of these compounds after preincubation would be difficult because TDI results even in the incubation period for the reaction of substrate drugs (30 minutes in the present study). In fact, Perloff et al. reported that the length of preincubation time did not affect the degree of IC50 shift when azamulin, whose kinact is large (1.2 min -1 ), was used as an inhibitor. 41) For such compounds, the reaction time of the substrate in this study may be too long, resulting in a false-negative judgment for TDI. The gap between experimental values and the theoretical curve may indicate a mechanism other than competitive inhibition and, if a difference is found, we may have to consider that the MBI potential of such a test compound has been overlooked. Another point that needs attention is that not all compounds showing TDI by this evaluation are mechanism-based inhibitors. For example, a compound that converts to a metabolite causing stronger reversible inhibition will be judged TDI-positive. This IC50 shift method which does not include dilution of the reaction solution after preincubation tends to be influenced by metabolites showing reversible inhibition. To avoid overlooking a promising lead compound, this possibility must be considered. Even considering the weak points mentioned above and the necessity of evaluation of kinact and Ki, app to predict DDI by MBI in latestage development, this method may be sufficiently useful for screening many compounds in early-stage development.
Methods to predict clinical DDI from mechanismbased inhibitors based on in vitro CYP inhibition data have been reported. 9, 10) However, because the methods require measurement of many samples obtained under a variety of incubation conditions, they are unsuitable for HTS. We have established an easy prediction method optimal for the screening utilized in the early stages to evaluate DDI risk caused by MBI. Because the IC50 ratio used in the determination of the TDI indicates change in the degree of inhibition during preincubation, this value is closely related to kinact. If the metabolic rate of a substrate is evaluated using the initial velocity (see Appendix), an approximate value of Ki, app can be calculated using the IC50. Therefore, using the approximate values of kinact and Ki, app calculated from the IC50 values and the kdeg calculated from the reported data, we can predict the ratio of AUC change of a co-administrated drug using the equation we derived (eq. (10)). Figure 3 shows that the ratios of AUC change predicted using our method were close to those observed in clinics. Many false negatives result from the prediction method for competitive inhibitors using the ratio of Cmax, u/Ki, where Cmax, u represents the unbound maximum concentration in blood (data not shown). However, with our method using Css, u as the inhibitor concentration, there were no false negative predictions, suggesting that our method more precisely predicts DDI caused by a mechanism-based inhibitor.
In this study, many drugs were judged to be TDI positive, but some of those drugs can be used without causing profound DDI problems and thus may be developed as safe drugs. To determine whether or not to develop a compound showing some degree of TDI, we tried to devise a method to categorize compounds visually into the degree of DDI risk according to IC50 obtained during early-stage evaluation. Although it is necessary to calculate Ki, app and kinact to predict DDI caused by MBI in the conventional methods, our method requires no experimentation other than CYP inhibition screening for the evaluation of TDI. To classify risk, we used the ratio of change in the AUC of co-administered drug (110% or 200%) as determined by the relationship between the IC50(-)/IC50(＋) ratio and the value of Css, u/IC50( -) (Fig.  4) . This classification is commonly used as a criterion for risk of DDI. 42) From our estimations, we found that the greater the IC50 ratio, the lower the Css, u/IC50( -) needed to be to elevate AUC. Thus, a compound for which the degree of change in the inhibition between pre-and coincubation is great must have a much lower level of blood concentration than the IC50(-) value to not induce DDI. According to our prediction, in the case of an IC50 ratio of 2, a difference of less than 300-fold between Css, u and IC50(-) is necessary to avoid a high risk of DDI. To satisfy this condition, considerably more pharmacological activity than CYP3A4 inhibition activity is required.
When plotting the data from our evaluation of CYP3A4 inhibitors, we noticed that the degree of AUC change by inhibitors observed in clinics was substantially consistent with the DDI risk criteria of 200% and 110% (Fig. 4) . A few cases of inhibition assays using fluorescent substrates and recombinant enzymes have reported lower IC50 with coincubation 43) and an inhibition assay using a recombinant enzyme showed an overestimation of MBI potential compared with assays using human liver microsomes. 44) However, even if overestimation occurs, using a fluorescent substrate is effective for screening compounds that cause DDI, because false negatives do not tend to occur. Importantly, false negatives were not observed in our evaluations, with the one exception of ritonavir (Figs. 3 and 4) .With our method, most mechanism-based inhibitors that caused AUC change of more than 200% in clinics fell into the high risk area, not the low risk area. Obvious false positive predictions were not observed. Drugs reported not to cause DDIs were not found in the high risk area. Although many compounds with no reported DDI were plotted, this appears to mean that they do not cause severe DDI. Therefore, we conclude that a simple assessment of the risk of DDI from mechanism-based inhibitors could be possible using this method in the early stages of drug development. As shown by eq. (10), Iu is an important factor for predicting DDI. In this study, amiodarone, diazepam, and fluvastatin each showed an IC50 ratio more than 4 ( Table 2) , although they have not been reported to cause clinical DDI ( Table 1) . Athough clarithromycin and erythromycin showed smaller IC50 ratios, they have been reported to cause DDI. Prediction of DDI by a mechanism-based inhibitor may be possible by both TDI evaluation in vitro and the Iu from clinical data. Another method for screening many compounds in the early stages that utilizes the IC50 shift to distinguish between mechanism-based inhibitors and competitive inhibitors has been reported. 45) However, this strategy requires additional experiments to analyze the DDI risk of TDI-positive compounds in detail. Our method presented here appears to have the advantage of simplicity by expanding the IC50 shift to the categorization of the DDI risk of compounds which can be adapted to screening in early-stage development. In the case of a drug candidate with potential MBI, more rigorous evaluation using prediction methods from the kinact and Ki, app in a PBPK model 9) will be needed to promate development of that candidate. Additionally, there is the possibility that prediction from in vitro data will lead to incorrect prediction attributed to the use of uncertain and biased parameters (i.e. the turnover rate of the enzyme and inhibitor concentration where the inhibitor is uptaken by a transporter or highly binds to a serum protein). Therefore, implementation of assessment using in vivo evaluation 46) may improve the predictability and consequently lead to more reliable decision-making.
In conclusion, we established a simple method for rapidly predicting and categorizing the DDI risk of mechanism-based inhibitors of CYP3A4 using simple experiments and calculations. Comprehension of the DDI potential as early as possible enables safe compounds with weak inhibition to be developed. This method takes advantage of early-stage screening technology and should contribute to producing safe drugs with low risk of DDI.
Appendix: Estimation of Inactivation Constants:
Certification of Equivalence of Ki and Ki, app
The kinetic model for mechanism-based inhibition is shown in Figure 6 . The amount remaining of each enzyme was calculated as follows: Eq. (24) shows that Ki, app is approximately equal to Ki 5) and, in the case of Km greater than S, Ki is equal to IC50(-). Therefore, the equation below may be approximately expressed when evaluating the initial inactivation rate under steady state conditions. Ki＝Ki, app ＝IC 50( -) (25) 
